INTRODUCTION
============

Myasthenia gravis (MG) is a defect of nerve-muscle transmission caused by autoantibodies to different components of the postsynaptic membrane.[@B1] Similar to other autoimmune diseases, tolerance breakdown is a highly complex and multifactorial process, resulting from the alteration of multiple pathways. As previously demonstrated in other autoimmune diseases,[@B2] genetic factors are thought to play an important role in the pathogenesis of MG, despite its limited heritability. MG patients, as well as their close relatives, are often affected by other autoimmune diseases,[@B3] which strongly suggests shared genetic mechanisms.

Among the genetic factors investigated in MG, major histocompatibility complex holds a unique place. It has been reproducibly associated with MG in many different populations and it shows large effects. However, which genes are responsible for the association of this large and essential region is not yet known. Various genes associated with MG have been identified, including cholinergic receptor nicotinic alpha 1 (*CHRNA1*),[@B4],[@B5] protein tyrosine phosphatase, non-receptor type 22 (*PTPN22*),[@B6],[@B7] and cytotoxic T-lymphocyte-associated protein 4 (*CTLA4*).[@B8],[@B9] Despite demonstrating associations among many genes and MG,[@B10] their roles in MG remain elusive and precise identification thereof at the molecular level remains challenging. Identification of specific genetic variants associated with autoimmune MG will improve our understanding of fundamental disease mechanisms.

To identify genetic factors that might be relevant in the pathogenesis of autoimmune MG, we genotyped 598375 unique single nucleotide polymorphisms (SNPs) across the genome using an Axiom™ Genome-Wide ASI 1 Array Chip (Affymetrix, Santa Clara, CA, USA) in 109 patients with autoimmune MG and 150 neurologically normal controls.

MATERIALS AND METHODS
=====================

Participants
------------

Samples were obtained from four university hospitals (Konyang University Hospital, Gangnam Severance Hospital, Chugnam National University Hospital, and Pusan National University Hospital). All were mutually unrelated Korean subjects and provided written informed consent to participate in the study, as stipulated by the respective Institutional Review Boards. Additionally, the study was performed according to the Declaration of Helsinki.

DNA from 109 unique and mutually unrelated Korean individuals diagnosed with autoimmune MG was selected for the analysis. Their diagnoses were based on clinical signs of fluctuating weakness of voluntary muscles with fatigability and either a positive response to neostigmine or electrophysiological evidence of a greater than 10% decrease in the negative-peak amplitude of compound muscle action potential upon supramaximal repetitive (2 or 3 Hz) nerve stimulation. A positive response to the neostigmine test was defined as follows: muscle weakness caused by MG is temporarily reversed following the administration of neostigmine.

Eligible patients were classified as having ocular MG or generalized MG according to the clinical distribution of muscle involvement. Patients were classified as having a generalized disease if there was any weakness on exertion of the facial (except the orbicularis oculi), oropharyngeal, neck, respiratory, axial, or limb muscles, which could be identified either subjectively or during neurological examination. Ocular MG was defined as follows: ocular disturbances are the first and sole manifestation of MG and no progression to generalized MG within the first 3 years has been recorded. Acetylcholine receptor (AChR) binding antibodies determined by radioimmunoassay were considered positive at ≥0.5 nmol/L and AChR blocking antibodies determined by radioreceptor assay were considered positive ≥31% blocking. We excluded MG patients with autoimmune diseases other than MG.

The genotype data of normal controls were obtained from the samples of another study, which involved mutually unrelated Korean individuals within the Republic of Korea. All participants underwent a detailed medical history interview. None had history of MG, amyotrophic lateral sclerosis (ALS), Alzheimer\'s disease, ataxia, autism, bipolar disorder, dementia, dystonia, or Parkinson\'s disease. All participants were interviewed for family history in detail. None had any first-degree relative with a known primary neurological disorder, including MG, ALS, ataxia, autism, dystonia, Parkinson\'s disease, or schizophrenia. The control and the case cohorts were drawn from the same ethnic origin and were not matched by age or sex with the MG samples. The control cohort consisted of 33 men and 117 women.

The ages of the patients at onset of the disease ranged from 12 to 62 years of age (mean=43.6 years). The disease onset was defined as the time when weakness was first noted. The MG patients were classified by disease type (ocular or generalized), the presence or absence of thymic hyperplasia/thymoma as determined by a thymic pathology study, and whether anti-AChR blocking or binding antibody was positive or negative.

After obtaining consent, each participant provided a venous blood sample that was collected in ethylene diamine tetraacetic acid-coated tubes. All samples were labeled with an anonymous code number linked only to demographic and clinical information.

Genotyping and quality control
------------------------------

The patients\' genomic DNA was extracted from peripheral blood using a standard protocol. We genotyped 598375 SNPs from 109 MG patients using an Axiom™ Genome-Wide ASI 1 Array Chip (Affymetrix, Santa Clara, CA, USA), according to the manufacturer\'s instructions. Data from 150 control samples were obtained from another study and were assayed with an Axiom™ Genome-Wide ASI 1 Array Chip. The Axiom ASI Chip provides 88% common variant coverage in Asians and can provide 74% rare variant \[minor allele frequency (MAF) ≤5%\] coverage in Asians.

To reduce potential concerns for batch effects and the possibility of false associations, we applied highly stringent quality control measures to select SNPs for use in the case-control datasets. The quality control procedures were performed on each of the 598K SNPs before the association tests were conducted. The SNP set was filtered based on the genotype call rates (≥90%) and MAF (≥0.01). Hardy-Weinberg equilibrium (HWE) was calculated for individual SNPs using an exact test. All of the SNPs reported in this manuscript demonstrated HWE *p* values \>10^-4^. After filtering, 502500 polymorphic SNPs were analyzed on chromosome 1 through chromosome 22 and 13850 and 13835 SNPs for chromosome X and Y, respectively. The average call rate for the filtered SNPs was 99.3%. We removed the patients if their percentage of missing genotypes was more than 5% or if there was evidence of possible contamination in their DNA samples.

Statistical analysis
--------------------

We evaluated associations between SNP markers and autoimmune MG. First, we performed the association tests on all MG patients and control subjects, as well as undertook further analysis of samples from subgroups such as AChR-positive, AChR-negative, ocular MG, and generalized MG patients. As the sample size was relatively small in our study, multiple hit SNPs from all association tests had more power than a single association test. For each SNP, we computed a series of summary statistics and association tests using the PLINK toolset. Five association tests were computed: a two degrees of freedom genotypic test in 2×3 tables, a dominant model, an additive model (Cochran-Armitage trend test), a recessive model, and the basic allelic test. Odds ratios, as well as upper and lower bound 95% CIs, were computed for each SNP\'s minor allele.

RESULTS
=======

In total, 109 autoimmune MG patients with complete genotypic and phenotypic data were enrolled in this study. All were used for the subsequent association analyses. The baseline characteristics of the 109 patients are summarized in [Table 1](#T1){ref-type="table"}. At the time of diagnosis, their ages in years were 47.2±15.8 and their mean disease duration was 4.2 years. Overall, 68 patients (62%) were women. Among 109 cases, 50 (46%) presented with generalized symptoms, 53 (49%) had a purely ocular manifestation, and the remaining six could not be classified due to uncertain clinical information. Of the 91cases in which the AChR antibody test was performed, 55 cases (60%) were positive. Of the 31 cases in which the thymic pathology study was performed, 18 cases (58%) had thymic hyperplasia/thymoma. Genome-wide association (GWA) analyses were performed after the quality control (QC) procedure to test the association with MG. In the sample QC, all 109 samples from the MG cohort passed the genotype quality threshold and were included in the final analysis.

The quality control criteria for SNP selection were 1) minor allele frequency \>0.01, 2) *p*\>10^-4^ in the Hardy-Weinberg Equilibrium test, and 3) Cluster QC \>10^-4^. Of the 598375 SNPs studied, 516335 SNPs passed the QC (representing 86.3% of all SNPs assayed) in the MG and control association test. A quantile-quantile plot for the genome-wide phase, in which the observed -log~10~ *p*-values were plotted against the expectation under the null hypothesis, showed an excess of significant associations. The QC for subgroup analysis also was performed in this manner. Those passing the QC test included 515340 SNPs (86.1%) in the AChR-positive MG and control association test, 519823 SNPs (86.9%) in the AChR antibody-negative MG and control association test, 515032 SNPs (86.1%) in the ocular MG and control association test, and 515615 SNPs (86.2%) in the generalized MG and control association test. A summary of the quality control statistics of genome-wide data is presented in [Table 2](#T2){ref-type="table"}.

The sample size of the total MG data set was too small to select a candidate SNP for MG. Thus, we repeated the statistical analysis for four subgroups of patients with generalized MG (n=50), ocular MG (n=53), AChR antibody positive MG (n=55), and AChR antibody negative MG (n=36). In every case, the subgroup was compared with the full control cohort (n=150). Of these, 641 SNPs showed significant association in all case-control association tests based on the pre-set level of significance (p-values less than 10^-5^); the top 20 *p*-values of SNPs are shown in [Table 3](#T3){ref-type="table"},[4](#T4){ref-type="table"},[5](#T5){ref-type="table"},[6](#T6){ref-type="table"},[7](#T7){ref-type="table"}.

From these results, we selected candidate association regions in two different ways. First, we selected common hit regions from all association datasets. Second, we performed a regional analysis on each case-control association dataset, as significant peaks usually tend to occur near each other. Finally, we selected seven genes (*RYR3*, *CACNA1S*, *SLAMF1*, *SOX5*, *FHOD3*, *GABRB1*, and *SACS*) for further analysis.

The *SLAMF1*, *CACNA1S*, and *RYR3* genes were selected from the analysis between the AChR antibody positive MG cases and controls. The *GABRB1* and *SACS* genes were selected from the analysis between AChR antibody negative MG cases and controls. The *SOX* and *FHOD3* genes were selected from the analysis between generalized MG cases and controls.

DISCUSSION
==========

In this study, we generated genome-wide SNP data consisting of more than 500K genotypes from multicenter cohort patients with autoimmune MG and controls derived from the samples used in another study. The use of tagging SNPs greatly improves the power of association studies, as the same information from a larger number of SNPs can be gathered by genotyping only one subset of loci. The Axiom ASI Array provides 88% common variant coverage in Asians. Furthermore, it can provide 74% rare variant (MAF ≤5%) coverage in Asians. Tagged SNPs on the Axiom Genome-Wide ASI Array plate were selected from -515K HapMap markers, -72K 1000 Genome project markers, and -10K other source markers, including -2K indels. Thus, most known genetic variations identified by the HapMap consortium were assessed in this project. Furthermore, the SNPs on the Axiom ASI SNP Chip comprise a large representation of functionally relevant markers, making the assay ideally suited for assessing whole-genome associations.

Our data provided a power of 80% to detect an allelic association with an odds ratio of more than 2.75 and less than 0.33 at an asymptotic *p*-value of 0.000001. This calculation was based on the average observed MAF of 23.7% and assumed either that the causal variant is typed or that there is complete and efficient tagging of common variation by the genotyped SNPs. The limited power of our study was a consequence of the small sample size, though the digital nature of the data allows it to be supplemented with genotype information from additional sample series, thereby increasing the power over time.

Analysis of our data revealed 641 SNPs with a *p*-value less than 0.00001 and with odds ratios ranging from 0.5 (95% CI 0.4-0.7) to 2.1 (95% CI 1.5-3.0). A Bonferroni correction based on the 502500 independent tests used for analysis indicated that a pre-correction *p*-value of less than 9.9×10^-8^ would be needed to provide a corrected significant *p*-value of less than 0.05. Based on this threshold, only one SNP (rs10234656, *p*-value=7.9×10^-9^ in the subgroup analysis for ocular MG) was significant after the correction. However, this SNP showed the highest *p*-value within only a single region, and we did not focus on further analysis because significant peaks usually tend to occur near each other in genome-wide association study (GWAS) data. Excluding this one SNP, none of the other SNPs listed were significant after the correction. This suggests that the MG phenotype is not driven by a single powerful locus.

However, other possible explanations exist as to why our study might not have detected an SNP that convincingly relates to disease risk. Firstly, the Bonferroni correction is known to be too conservative, especially in whole-genome association studies where dependence (i.e., linkage disequilibrium) among SNPs is ignored.[@B11] Second, the power of our study was limited by its sample size and the lack of age-matched and sex-matched controls. Finally, it is possible that autoimmune MG consists of a diverse group of clinically indistinguishable disorders, each driven by different loci. Such disease and locus heterogeneity would interfere with the ability of whole-genome association studies to detect the SNPs associated with increased risk of disease. Therefore, we conducted a regional analysis on each case-control association dataset and finally selected seven genes (*RYR3*, *CACNA1S*, *SLAMF1*, *SOX5*, *FHOD3*, *GABRB1*, and *SACS*) for further analysis.

MG is an autoimmune disease with impaired neuromuscular transmission mainly due to the effect of autoantibodies on the AChR.[@B12] Recently, dysregulation of sarcoplasmic reticulum Ca^2+^ release has been associated with muscle fatigue.[@B13] An electrophysiological study showed that fatigue in MG patients was caused not only by abnormal neuromuscular transmission, but also by impairment of excitation-contraction (E-C) coupling.[@B14] In the process of E-C coupling in skeletal muscles, the ryanodine receptor (RyR) and the dihydropyridine receptor (DHPR/CACNA1S) function as Ca^2+^ channels.[@B15] *SLAMF1* is an important genetic susceptibility locus for autoantibody production.[@B16] *SLAMF1* leads to IFN-γ production of CD4+ T cells,[@B17] which is associated with pathogenesis and immunoregulation of MG. However, speculating on the plausibility and the biological significance of these candidate loci is premature, as additional genetic data is needed to confirm the notion that the E-C coupling gene or *SLAMF1* gene are associated with autoimmune MG. Furthermore, as we have learned in the study of Alzheimer\'s, the identification of even a strong risk factor gene does not immediately provide a cell biological explanation for disease pathogenesis.

The first GWAS data for MG, published earlier this year,[@B18] showed that HLA-B\*08, PTPN22, and TNIP1 are associated with early onset MG (EOMG). None of the 641 significantly associated SNPs from all the association data sets were located in any of the known autoimmune MG genes or loci in our study. The discrepancy may be caused by phenotypic differences between the two studies. They only enrolled EOMG patients in their study, and we included all MG patients regardless of age at onset. In addition, ethnic differences could also result in varying association results. These probabilities indicated that the genetic factors contributing to the development or pathogenesis of MG are very complicated.

The ability of whole-genome association studies to identify the genetic variants underlying a disease is well recognized. For example, the analysis of 100000 SNPs in only 96 cases recently established that the variants in the complement factor H gene account for a significant proportion of age-related macular degeneration.[@B19] Despite this finding, data generated in whole-genome association studies should be interpreted cautiously because of the inevitably high false-positive rate that occurs whenever several hundred thousand tests are undertaken on the same dataset. For example, Maraganore, et al.[@B20] identified 13 putative SNPs that seemed to be associated with Parkinson\'s disease, but none have been confirmed in subsequent independent studies.[@B21],[@B22],[@B23],[@B24],[@B25]

To address the concern regarding false positive associations, it is our intention to replicate our current study using the same Axiom Genome-Wide ASI 1 Array in an additional sample set of equal or greater size drawn from the Korean population. Joint analysis of these data sets will significantly increase our power to detect an allelic association, and loci that are common to both Korean and other Asian populations will be further analyzed to determine the precise genetic variation that conveys increased susceptibility to autoimmune MG.

In summary, we report data from a whole-genome association study of a large group of autoimmune MG patients and neurologically normal control samples. In total, 641 loci showing potentially significant associations with MG were identified with a genotypic *p*-value of less than 0.00001. To overcome the possibility of false-positive findings, this study will be replicated in a separate cohort of 120 Korean MG cases-control pairs. From regional analysis, we selected seven genes (*RYR3*, *CACNA1S*, *SLAMF1*, *SOX5*, *FHOD3*, *GABRB1*, and *SACS*) for further analyses. Among the seven genes, we suggest that three genes (*RYR3*, *CACNA1S*, and *SLAMF1*) are associated with autoimmune MG. However, speculating on the plausibility and the biological significance of these candidate loci is premature, as additional genetic data are needed to confirm the notion that the E-C coupling gene or *SLAMF1* gene are associated with autoimmune MG.
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Characteristics of the Study Population
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SD, standard deviation; AChR, acetylcholine receptor.

^\*^Information of 6 samples is uncertain.

^†^91 cases are performed the AChR antibody test.

^‡^31 cases are performed the thymic pathology study.
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Summary Statistics for Quality Control on Genome-Wide Data

![](ymj-55-660-i002)

SNP, single nucleotide polymorphisms; HWE, Hardy-Weinberg equilibrium; MAF, minor allele frequency; MG, myasthenia gravis; AChR, acetylcholine receptor; QC, quality control; CTRL, control.
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Top 20 *p*-value Lists for Total MG and Controls Association Study
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MG, myasthenia gravis; Chr, chromosome; MAF, minor allele frequency; CTRL, control.
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Top 20 *p*-value Lists for AChR Antibody-Positive MG and Controls Association Study
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AChR, acetylcholine receptor; MG, myasthenia gravis; Chr, chromosome; MAF, minor allele frequency; CTRL, control.
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Top 20 *p*-value Lists for AChR Antibody-Negative MG and Controls Association Study
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AChR, acetylcholine receptor; MG, myasthenia gravis; Chr, chromosome; MAF, minor allele frequency; CTRL, control.
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Top 20 *p*-value Lists for Ocular MG and Controls Association Study
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MG, myasthenia gravis; Chr, chromosome; MAF, minor allele frequency; UTR, untranslated region; CTRL, control.
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Top 20 *p*-value Lists for Generalized MG and Controls Association Study
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MG, myasthenia gravis; Chr, chromosome; MAF, minor allele frequency; CTRL, control.
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